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In Type III seesaw model the heavy neutrinos are contained in leptonic triplet represen- 

^D . tations. The Yukawa couphngs of the triplet fermion and the left-handed neutrinos with 

the doublet Higgs field produce the Dirac mass terms. Together with the Majorana masses 



(N 



W). for the leptonic triplets, the light neutrinos obtain non-zero seesaw masses. We point out 



< 



that it is also possible to have a quadruplet Higgs field to produce the Dirac mass terms to 

facilitate the seesaw mechanism. The vacuum expectation value of the quadruplet Higgs is 
00 ! constrained to be small by electroweak precision data. Therefore the Yukawa couplings of a 

quadruplet can be much larger than those for a doublet. We also find that unlike the usual 
' (— 1 ', Type HI seesaw model where at least two copies of leptonic triplets are needed, with both 

JZLh' doublet and quadruplet Higgs representations, just one leptonic triplet is possible to have a 

phenomenologically acceptable model because light neutrino masses can receive sizable con- 
D I tributions at both tree and one loop levels. Large Yukawa couplings of the quadruplet can 

T^ ^ I induce observable effects for lepton flavor violating processes ji — >■ £.7 and ^ — e conversion. 

Implications of the recent fi ^ ej limit from MEG and also limit on /i — e conversion on Au 
CN ' are also given. Some interesting collider signatures for the doubly charged Higgs boson in 

J^ , the quadruplet are discussed. 
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I. INTRODUCTION 



f^ ' The type III seesaw contains leptonic triplets S/j under the standard model (SM) gauge group 

SU{3)c X SU{2)l X C/(l)y as (1,3,0), T^r = (S+,S?j,S^)[ll. In tensor notation, the triplet can 
be written as Tjr = (Sj^) symmetric in i and j, where i and j take the values 1 and 2. Srh = S^, 
T,jii2 = iS5j/\/2 and T,ji22 = S^. The Yukawa couplings related to neutrino and charged lepton 

K> I masses come from the following terms 



L = -LLYeEn^ - LlY,J:r^ - ^S^M^Sr^ + H.c. (1) 

where the super-script "c" indicates the charge conjugation. The lepton doublet L^ = {Lu) '■ 
(1, 2, -1/2), Er = {ErJ : (1, 1, -1), and Higgs doublet $ = (</.i) : (1, 2, 1/2) ($ = ia2^*) have the 
components given by Ln = vl, Ll2 = ^l, and cfii = h'^, cl)2 = {v + h + iI^)/^/2. With just one 
Higgs doublet, I,^ and /i"^ are the would-be Nambu-Goldstone bosons hz and h^ "eaten" by Z and 
W bosons, respectively. We have 

Ll^r^ = Lu^Rij^j^e"' = -[i-VLT.^ + — =eLS^) {v + h - il^) - (plS+ + i-^eL^^^h' , 

^R^R = ^Rij^Ri'j'(^'' (^" =^r''^r + ^r'^R + ^r''^r- (2) 

In the above, repeated indices are summed over from 1 to 2. ei2 = 1, £21 = —1 and en = £22 = 0. 
The neutrino and charged lepton mass matrices M^, and Me, in the basis (z/£, S^j) and {cr, T,^) , 



are given by 

where Dirac mass term Myj^ = —iYyv/2, Mgs = —Yyv/\/2 and Mg = Yev/\/2 where v is the 
vacuum expectation value (VEV) of the Higgs doublet. 

Note that given Ll and S/j representations, it is also possible to have the necessary Dirac mass 
term M^y. from the Yukawa couplings of a quadruplet Higgs representation x'- (1)4, —1/2) of the 
following form, 

L = -LlY^^rx + H.c. (4) 

The field x h^-s component fields: x = ix'^^X^^ X") X~~)- Iii tensor notation x is a total symmetric 
tensor with 3 indices Xijk with i, j and k taking values 1 and 2 with 

(5) 
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(6) 



The neutral component x^ can have VEV v-)^ with x*^ = {v-^ + Xij + *X/)/v2- A non-zero f^ will 
modify the neutrino and charged lepton mass matrices M^y. and MgE with 

M,s = -^2^-^ - ^7f ^x^x > ^es = -^^e« + 7f ^x^x • (7) 

To the leading tree level light neutrino mass matrix rrii,, defined by Lm = —^J^I'm^i'L +H.c., is 
given by 

m, = -Mt^M^'Ml^ = (iy;^ + 1=y;v^)m^' (iy> + ^i^>x) • (8) 

A model with a different Higgs quadruplet (1,4, 3/2) has also been studied where neutrino masses 
only arises from a dimension-7 operator [2]. This model is very different from the model we are 
discussing here. 

In the basis where the charged lepton mass matrix is already diagonalized, the PMNS mixing 
matrix Fj^, IJ] in the charged current interaction is given by 

771^ = v'^niyV , (9) 

where fh^ = diag{mi,m2,m3) is the diagonalized light neutrino mass matrix. 

The introduction of quadruplet x iii th^ model can have interesting consequences for neutrino 
masses, mixing and also for lepton flavor violating (LFV) processes, /x — )• 67 and fi — e conversion 
because the VEV of x is constrained to be small which then can lead to a large Yukawa coupling 
Y-^. We also found some interesting collider signatures of the doubly charged Higgs boson in the 
quadruplet. In the following we will study the quadruplet model in more details. 



II. THE ELECTROWEAK CONSTRAINT 

We have seen that in Type III seesaw, it is possible to introduce a quadruplet Higgs which give 
additional seesaw contributions to neutrino masses at the tree level. It is, however, well known that 
electroweak precision data constrain the VEV of a Higgs representation because a non-zero VEV 
of some Higgs may break the SU{2) custodial symmetry in the SM leading to a large deviation of 
the p parameter from unity. With the constraints satisfied, the Higgs doublet and quadruplet may 
contribute to the neutrino mass matrix differently. 

The non-zero VEV of the Higgs representation with isospin / and hypercharge Y will modify 
the p parameter at tree level with[5|. 

The SM doublet Higgs alone does not lead to a deviation of p from unity, but the addition of a 
quadruplet does. For our case of one doublet and one quadruplet, we have 






p = ^?rTZ^ = ^ + 7?nhi- (11) 



We therefore have, Ap = 6'y^/(f^ + f^) = Q\/2Gfv^. Using experimental data A/9 = 
0.0004lo;go^^(95% c.l.)[0], we see that v^ is constrained to be less than 5.8 GeV which is about 40 
times smaller than that of the doublet Higgs VEV. This vast difference in Higgs VEV's indeed in- 
dicate that the Higgs doublet and quadruplet contribute to the neutrino mass matrix differently in 
the sense that if the Yukawa couplings Yy and 1^ are the same order of magnitude, they contribute 
to the neutrino masses can be different by orders of magnitude. Turning this around, if both Higgs 
contribute to the neutrino masses with the same orders of magnitude, then the Yukawa coupling 
for quadruplet Y^ can be several orders of magnitude larger than that for the doublet Y^. 

If the seesaw mass is only from the coupling to $, just like Type III seesaw with one doublet, 
the canonical Yukawa coupling is of order \jMftraylv^ . With a M^ of order 1 TeV, the Yukawa 
couplings would be less than 10~^ with rtiv around 0.1 eV. This makes it clear that even the heavy 
degrees of freedom are kinematically accessible at the LHCM , the small Yukawa couplings is hard 
to study their properties and their effects on LEV processes |8h10I|. Although it has been shown that 
there are solutions with large Yukawa coupling in Type III seesaw with just one Higgs doublet |9l. I 111] . 
it is interesting to see if large Yukawa couplings can more naturally manifest itself. The quadruplet 
with a small VEV provides such a possibility. The natural size of the Yukawa coupling Y^ is of order 

J Muniu/v'^. With f^ of order 1 GeV, Y-^ would be enhanced by about 250 times compared with 

Yy. With a smaller u^, y^ can be even larger since Y^ ~ 10~^(lGeV/f;^)y^(Mi?/TeV)(77i,y/0.1eV). 
The large Yukawa coupling 1^ can lead to interesting phenomenology, such as the possibility of 
having large effects in lepton flavor violating (LEV) processes /i — )• 67 and p — e conversion. 

III. LOOP INDUCED NEUTRINO MASS WITH JUST ONE TRIPLET LEPTON 

In the Type III seesaw with just doublet Higgs, if there is just one leptonic triplet E^, the 
resulting neutrino mass matrix rrii, for the three light neutrinos is only a rank one matrix. This 
implies that only one light neutrino mass is non-zero. Neutrino oscillation data show the existence 
of two distinct mass squared splittings, so a model with just one generation of triplet S^ is in 



conflict with data. More than one generation of S^ is required to have a higher ranked mass 
matrix to fit data. We point out that with the introduction of quadruplet x, it is possible to raise 
the rank of neutrino mass matrix by including one loop contributions to the mass matrix. The tree 
and loop generated mass matrices together can be consistent with present data on neutrino mass 
and mixing. With both Higgs doublet and quadruplet, the tree level light neutrino mass matrix 
rrii, given in eq.® is still rank one if there is only one generation of S^. In the following we show 
that the inclusion of one loop contribution can raise the rank of the mass matrix to two. 

The one loop contributions involve exchange of internal quadruplet Higgs bosons and heavy 
leptons. In order to show this mechanism explicitly, we first identify physical Higgs states and 
mixing necessary for one loop generation of neutrino mass from the Higgs potential. The most 
general renormalizable Higgs potential is given by 



+ 



y(<&x)' + A3$^^<I'<^X + H.c 



(12) 



where a denotes an index for SU{2) contractions. The contraction of SU{2) indices for each of the 
terms are given by 

X'X = X*jkXijk, 

(X^XX^X)l = X*jkXijkX*lmnXlmn, 

(X"^XX"^X)2 = X*jkXijnX*lmnXlmk, 

iX^XX^X)3 = X*ijkXrjkX*lmnXsmneiiers, 

{X^XX^X)i = X*jkXrskX*lmnXtuneiiejmertesu, (13) 

($t$^t^)^ = ^*'^iX*kiXjkl, 
($t$^t^)2 = ,p*^^x*jklXikl, 

($t$^t^)3 = ^*^jXh„,Xnlmeikejn, 

i^X) = ^i^jXi'klXj'mn^^ii'^jj'^km^ln-, 

$t$$^ = ^^j^kXij'k'^jj'ekk' ■ 

In the above only two terms are independent for {x^xx^x)a- Also only two terms are independent 
for ($^^$x^x)q- 0i^6 can just take a to be equal to 1 and 2 as the independent terms for these two 
types of terms. In the following, we set A^ = A^ = A|, = without loss of generality. 

The two terms ($x)^ cind <I>^^$<^X; break the global lepton number symmetry after the doublet 
and quadruplet develop non-zero VEV's. $'$<I>x then mixes $ and x fields. At one loop level 
Majorana masses will be generated for light neutrinos. There are three types of mixing terms which 
can be characterized to be proportional to v^, vv^ or v"?.. We have seen earlier that v is much larger 
than v^ from electroweak precision data, therefore one can just keep terms proportional to v'^ for 
the loop generation of neutrino masses. These terms are 

1x2/1+- 1/ • x2 

L = -^hvy-y=XX -g(XR+«X/) 

- v^h^ [(2^"^^ " 71^^^ ) + 47!^^^ + iU)iXR + iXl)] + H.c. (14) 

The above terms will generate a neutrino mass matrix proportional to Y*Y^ for the first term and, 
Y*Y^ for the second term. To have a consistent model, the elements in Y^ are required to be much 



smaller than those in Y^. We can neglect the contribution from terms proportional to A3$ in the 
above. Without terms proportional to A3$ and v^, masses of component fields in x are given by 



"^x«- 



A.)^^ 



"^L~ 






(15) 



m. 



U± ~Af2 + -(Ai^ + A|J ^;2. 



We note that a parameter A5 characterizes a mass squared splitting between XR aiid xi^ i-e-, 
(771?, — m-y ) — — (2/3)A5U^. The mass matrix for singly charged scalars is given by 



'M' + hXL.v 



hXiy ^A^.^ 



^^ "">[ ^W M^ + i[Ai, + |A,,, 



2 \2 



X" 
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where 
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sin 9 cos 






with tan 29 
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The one-loop contributions to the neutrino mass matrix are calculated as 12, ll3|] 



(17) 
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where niE and tun are masses of neutral and charged heavy leptons, and /(x) = xlnx/(l — x). 
The explicit dependence on A5 is given 
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Neglecting mass splitting in a multiplet, i.e., m^ 
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J{m /mj^) , J(x) 



+ 



777^, K is given by 
Inx 



1 — X (1 — x)^ 



(20) 



where J(l) = -1/2. 

Collecting contributions from the tree and loop contribution, one can write the neutrino mass 
matrix as 



m:^ 



^rtree ^ ^loop 



«i 1 /I • 1 • 

mN\2 " ^ "< "" 



\y^-^^l^. 



+ Y;*Y^*v\ (21) 



m-AT 



The mass matrix is now rank 2 in general. This mechanism can also work even when we introduce 
an additional scalar doublet [IJ]- However such a scalar is indistinguishable from a SM Higgs 
doublet without additional quantum charges. The extra doublet fields can interact with other SM 
fermions and will induce large tree level flavor changing neutral current (FCNC) for the charged 
leptons. In this model, the tree level FCNC are much suppressed for charged leptons. 



IV. SOME PHENOMENOLOGICAL IMPLICATIONS 



A. Neutrino masses and mixing 



The mass matrix obtained in the previous section, being rank two, has two non-zero eigenvalues. 
One of the neutrino masses is predicted to be zero. The zero mass neutrino can be m^-^ or m 



I'Vi 



depending on whether the neutrino masses have normal or inverted hierarchy. In this section, we 
show that the mass matrix obtained can be made consistent with experimental data on mixing 
parameters. 

Mass squared differences of neutrino masses and neutrino mixing have been measured to good 



precision 
10-5 eV2 



15142011 . The mass parameters are determined by global fit as 2l|] Atti^i = (7.58 



|Am|i| 



(2.39: 



hiearchy. Here Attt,?- 
m^ = Am|2 and m| 



-0.12^ 
-0.09^ 



X 10-^ eV^ (2.31- 



Amii 



h0.12^ 
-0.09 J 



2+0.22 N 
-0.26 J 



X 10 eV ) for normal (inverted) mass 

0, 



m^j, and mj(i = 1-3). For our case, with normal hierarchy, m\ 

1 = 0, m? 



m% 



0.306 



= Amgi 

-1-0.018 



Am2^. 



For inverted hierarchy, we then have m 
The neutrino mixing are given by 21 1 sin^ 



23 J 



0.42 



-1-0.08 
-0.03' 



A?7i|^, and 



sm 



712 J 



-0.005' 



and sin (^13) < 0.028. To the leading order, the mixing pattern can be approximated 



by the tribimaximal mixing matrix 2^ , 



C/tb 



V- 
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1 1 

VG V3 



1 1 

V2 

'73/ 



(22) 



The light neutrino mass matrix obtained in eq. (|2ip can be easily made to fit data. We consider 
the case for v ':^ v^, such that terms proportional to Vy^ can all be neglected for illustration. With 
this approximation, the cross term proportional to Y*Y^ -\- Y*Yj can be neglected. 

For normal hierarchy case, by imposing the condition of the tribimaximal mixing, the 
Yukawa couplings can be taken to be the forms Yi, ~ yu{0, l/v2, — l/v2) , and Y^ ~ 
2/^(l/v3, l/Vo, l/v3) . In this case rn-j = y'^v'^ /4m j\i and m2 = Ky'iv'^ /mj\f. If the heavy neutrino 
mass is of order 1 TeV, y^ ~ 1.80 x 10^6(m7v/lTeV)i/2 ^nd ^/^y^ = 0.38 x 10~^{mN/lTeYy/'^. 
We note that relative size of tree level and loop level contributions can be tuned by the parameter 
K, which is proportional to the Higgs potential parameter A5. If A5 is small, quaruplet Yukawa 
coupling y^ can be order of one. This kind of possibility is also studied in the neutrinophilic two 
Higgs doublet model 23(]. The role of the Y^, and Y^ can be switched. 

Similarly the model can be made consistent with inverted hierarchy. For example with Y^ ~ 
yiii^^l^j?)^ — 1/\/6, —1/1/6)-^ and y^ ~ y;^(l/\/3, l/\/3, l/\/3)"^, the tribimaximal mixing pattern 
can be realized. In this case ttt-i = y1,v'^ j ^mf^ and m2 = ny'tv^ /rriN. If the heavy neutrino mass 
is of order 1 TeV, y^ ~ 1.78 x 10-^(mAr/lTeV)^/2 and ^y^ = 0.90 x lQ-^{mN /ITeY)^/'^ . Again 
the roles of Yy and Y^ can be switched. 

Making perturbation to the above forms, one can get non-zero ^13 solutions, which is indicated 
by recent results at T2K20|]. For instance, for normal mass hierarchy case modifying Yy to be 
Yy = Yi, + /SYu = Yy + yu{a, b, c)'^ and keep the same K^, we can produce non-zero 6*13 solutions. 



Using the AY^ = yy{-O.U,0,0)^ ,ylv'^ /4mN = 5.23 x 10^^ eV, nylv'^/mN = 9.14 x lO'^eV, we 
obtain m2 = 8.78 x 10-^ m3 = 4.82 x lO'^, sin^ (9i2 = 0.323, sin^ 6I23 = 0.44 and sin^ (9i3 = 0.025 
which are within one a error of the data. 

For inverted mass hierarchy case, with AY",, 



yv{- 



0.1,0.1085)^,2/21,2/4^^ ^ 4 81 X 



10 ^eV, Ky'^v'^/rriN = 4.88 x 10 ^eV, we obtain nii 
0.306, sin^ 6*23 = 0.41 and sin^ 613 



0.0095 

4.80 X 10-2, m2 = 4.88 x 10-^, sin^ 6*12 
0.014 which are, again, within one a error of the data. 



Higher order loop corrections can further raise the rank of neutrino mass matrix in general. 
Therefore, all three light neutrinos can have non-zero masses in this model. It has been shown in 



Ref. [24(1 that the rank of the neutrino mass matrix can be rank two at two loop level even with 
just one triplet lepton and one Higgs doublet. However, in this case the heavy triplet lepton mass 
needs to be 10^^ GeV, and hence its phenomenological consequence for collider physics is out of 
the scope at the LHC. Introduction of more leptonic triplet generations can also increase the rank 
of mass matrix too. 



B. /I ^- 67 and /i e conversion 

We now study possible effects on LFV processes /i — t- 67 and fi — e conversion, /x — )• 67 is 
induced at one loop level. There is a small contribution to fi — e conversion at the tree level due 
to mixing of charged light and heavy leptons. The dominant contribution come at the one loop 
level due to possible large Yukawa coupling Y^, because the size of Yj^ is constrained to be small by 
the absolute size of neutrino masses and the doublet Higgs VEV. The one loop induced effective 
Lagrangian responsible to /i — )• 67 and /i — e conversions is given by 

C = -^af^'iALPL + ARPR)i^eFf,, + Y^ eQgq^^'qJ^^^.PL^eBL + H.c , (23) 

q 

with Qq being the electric charge of the (7-quark, and 

^1 ^1 'X-2 ^2 

An = —Al, (24) 

Xj X^ X2 X2 

where 



^^^^'= 12(z-l)3 ^ 2{z-lf ' ^^^^>= 12(z-l)3 "2(^-1)4 ' 

, . _Tz^ - 36^2 + 45z - 16 + 6(3z - 2) Inz ^ . ^ _ H^^ - 18^^ + 9z-2-Qz^\nz 
^^^"^- 36(1 -.)4 ' ^^^'>- 36(1 -z)4 • 

(25) 

The LFV /x — t- 67 decay branching ratio is easily evaluated by 



48^2 
Glml 



B{^^ ^ ^7) = T^^^d^il + \ArV). (26) 



The strength of /i — e conversion is measured by the quantity, i?^_^e = ^conv/^caid-r^ ^(/i + 



A{N, Z)^e^ + A{N, Z))/T{^^r + A{N, Z) ^v^ + A{N + 1,Z -1). Following Ref.|25|], we have 



B^-.. . ... ^^ ~&V^^\A) ^ ~gtlv^-){A) ' 
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(27) 



Current experimental bounds 
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FIG. 1: The current and future experimental constraints on the quadruplet Yukawa couplings from /i — > 67 
and /i — e conversion. The mass of quadruplet scalar is taken as m^ — 1 TeV. 



where 






(A) 






ID(A)P 



(28) 



and g'-ll 



'^9lv(u) + 9LV(d) 1 9lv 



m- 



9LV(u) +'^9LV{d) with QLViq) = - eQ qB l / {^/2G p) ■ 

For many years, the best 90% c.h experimental upper hmit for B{^ — )■ 67) was 1.2 x 10~^^ 
Recently, MEG collaboration has obtained better result with the 90% c.l. upper limit [27]| 2.4 x 
10~^^. This new bound, as will be seen, provides important constraint for the quadruplet model 
discussed here. There are several measurements of ^ — e conversion on various nuclei. The best 
bound is for Au nuclei with the 



< 7 X 10- 



70 C.l. experimental bound given by Bz^^ 
Au, the relevant parameters determined by method I in Ref. [25l] a re given by: D{Au 



13 



For 
0.189, 
V^p\Au) = 0.0974, y(")(Au) = 0.146 and i?°^e(Au) = O.OOSgH. We will use these values to 
study implication for our quadruplet model. 

The numerical results are shown in FIGHJ In obtaining results in FIGlH we have choosen the 
mass of quadruplet component field Xi to be degenerate with a common mass of 1 TeV, and the 
quadruplet Yukawa coupling constant is taken as 1^ ~ y^{l/\'3, l/v3, l/v3) which satisfying 
neutrino mixing data from our previous studies for illustration. In the left panel of FIGdJ we 
show current experimental bounds on the quadruplet Yukawa coupling from non-observation of 
^ — 7- 67 and /x — e conversion as a function of ratio of triplet fermion and quadruplet scalar squared 
masses. We found that current constraints on quadruplet Yukawa coupling constant from /i — e 
conversions are weaker than that from /x — ?• 67. This is very different than the situation in a model 
with fourth generation where non-zero Z-penguin contribution dominates and /x — e conversion 
gives stronger constraints [291]. In the quadruplet model discussed here because the triplet heavy 
lepton S/j does not have hypercharge, no Z-penguin contribution and therefore ^ — e conversion 
gives weaker constraint compared with /u — )■ 67. From the figure, we see that the quadruplet 
Yukawa couplings are constrained by the new MEG data to be less than 0.1 for a wide range of 
parameter space. As we showed y^ is typically 10~^ for 1 TeV quadruplet scalars in both normal 
and inverted neutrino mass spectrum. The contribution from Yy is negligibly small. On the other 
hand, y-^ can be enhanced by a factor of 1/\/k ~ 127r/-v/— A5 with rriN ~ m-^ 



ITeV. To obtain 



y^ ~ 0.1, As ^ 10~^ is required. Such a tiny A5 can be naturally understood as a remnant of the 
lepton number symmetry. The quadruplet model can have Yukawa coupling producing /i — )■ 67 
closing to the present upper bound. Improved experimental limits can further constrain the model 
parameters. 

In the right panel of FIGfflwe also show the future prospects of LFV bounds. For // — t- 67 we 
take i?(/i — 7- 67) = 1 x 10~^^[30| as the near future improved MEG experimental sensitivity. For 
fi — e conversion, there are several planed new experiments, such as Mu2E 31[| /COMET [3211 and 
PRISM 
and lo- 



ss 



18 



for jj, — e conversion using Al and Ti. The sensitivities are expected to reach 10 ^^ 32| 
33| . respectively. For Ti and Al nuclei, the relevant parameters for our calculations 



are given by D{Ti) = 0.0864, V^P\Ti) = 0.0396, T/(")(Ti) = 0.0468 and -R°^e(Tii = 0.0041, and 



L>(A1) = 0.0362, y(P)(Al) = 0.0161, F(")(A1) = 0.0173 and i2°^g(Al) = 0.0026|25|]. We see that 
improved /i — )• 67 and ji — e conversion experiments can further constrain the quadruplet Yukawa 
coupling constant. Also note that searches for fi — e conversions can provide better constraints 
than that for jj, ^ e^. 



C. Collider signatures of doubly charged Higgs bosons in quadruplet 



Finally, we would like to make some comments about collider aspects of this model. One of the 
interesting feature of Type III seesaw is that the heavy leptons with a mass of a TeV or lower can 
be produced at the LHC. The collider phenomenology related to Type III seesaw for the heavy 
leptons has been studied in great detail [71, [sj]. The introduction of quadruplet also leads to new 
phenomena in collider physics. 

An interesting feature is the existence of the doubly charged particle x^^ ^^ the model. Doubly 
charged scalar bosons also a ppe ar in other models for neutrino masses, for example, Higgs triplet 
in Type II seesaw Model [35l.l36l|. and Zee-Babu model [37|]. The doubly charged scalar bosons can 
be produced at a hadron collider through the Drell-Yan production mechanism qq — )• 7, (Z*) — )■ 
X~^~^X " [38l. I39II . The vector boson fusion mechanism can also be useful to produce doubly charged 
particle [401] if the VEV's of the Higgs triplet v^ and the quadruplet v^, are not very small. The 
recently results from LHC exclude doubly charged Higgs mass to be around 150 GeV if it decay 
predominantly through leptonic decay [4l(]. Unlike the Type II seesaw and Zee-Babu models, the 
quadruplet scalars do not have direct interaction with a pair of SM fermion and therefore cannot 
decay into them. The lower limit on the mass of doubly charged Higgs boson does not apply for 
our model. 

In both Type II seesaw and the quadruplet models, if the VEV' s f a and v^ are not very small, 
the doubly charged scalar will mainly decay into a pair of WW 42]. Zee-Babu model does not 
have such decay modes. In the case of Type II seesaw model, if v^. < 10^^ GeV, the leptonic pair 
decay modes will become the dominate one for the doubly charged scalar because the decay to 
gauge boson pair is suppressed by va while leptonic Yukawa coupling is scaled as m^/vA- This is, 
however, not the case for quadruplet model. 

The x^^ can couple to e"^S+ through Yukawa coupling. Since the heavy charged lepton S"^ 
can mixing with e"*" because mixing in eq. ([6]) leading to x^^ ~^ e~^e~^ . However, the mixing in 
this case is proportional to Y,'^v'^ /2m'^ which is small. There is another possible decay for x^"*"- 
Electromagnetic loop correction 43|] will make S"*" to be heavier than T,^ allowing S^ — )• vr+S'^. 



Then T,^ mixes with light neutrinos to allow Tj^ — )• e^W^ decay. Since the mixing between light 



neutrino and S is only suppressed by a factor Yyv/niY., the decay mode, x"*"^ ~^ e^'K'^e- 



--w^ 



would be more important than x 



e^e^ . This is different than Type II seesaw model in the 
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case even the VEV's are very small. 



CONCLUSIONS 



In Type III seesaw the heavy neutrinos are contained in leptonic triplet representations. Being 
a triplet of SU{2)l gauge group, the heavy leptons have non-trivial structure. Concerning Yukawa 
interaction for seesaw mechanism, we find a new possibility of having new type of Yukawa couplings 
by introducing a quadruplet x with hypercharge equal to half. When the neutral component field of 
X develops a non-zero VEV, a Dirac mass terms connecting the light and heavy neutrinos can result 
to facilitate the seesaw mechanism. It is interesting to note that the VEV of the quadruplet Higgs 
is constrained to be very small from electroweak precision data. Therefore the Yukawa couplings 
of a quadruplet can be much larger than those in a Type III model with a Higgs doublet only. We 
also find that unlike the usual Type III seesaw model where at least two copies of leptonic triplets 
are needed, with both doublet and quadruplet Higgs representations, just one leptonic triplet is 
possible to have a phenomenologically acceptable model because light neutrino masses can receive 
sizable contributions from both the tree and one loop levels. Large Yukawa coupling may have 
observable effects on lepton flavor violating processes, such as /z — ?• 67 and ^u — e conversion. There 
are also some interesting collider signatures for the doubly charged particle in the quadruplet model. 
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